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ABSTRACT 
Background: Acute exposure of part of the skin to cold stimuli can evoke urgency, a 
phenomenon that we term acute cold-induced urgency (ACIU). Despite its high 
prevalence, particularly in patients with overactive bladder, little is known about the 
mechanisms that induce ACIU.  
Objective: To develop an animal model of ACIU and test the involvement of cold-
activated ion channels TRPM8 and TRPA1.  
Design, setting and participants: Intravesical pressure and micturition were monitored 
in female mice (C57BL/6J wild type, Trpa1-/-, Trpm8+/+ and Trpm8-/-) and Sprague 
Dawley rats.  
Interventions: An intravesical catheter was implanted. Localized cooling of the skin was 
achieved using a stream of air or topical acetone. The TRPM8 antagonist AMTB or 
vehicle were injected IP. 
Outcome measurements and statistical analysis: Frequencies of bladder contractions 
and voids in response to sensory stimuli were compared using the Mann-Whitney or 
Kruskal-Wallis tests.  
Results and limitations: Brief, innocuously cold stimuli applied to different parts of the 
skin evoked rapid bladder contractions and voids in anesthetized mice and rats. These 
responses were strongly attenuated in Trpm8-/- mice and in rats treated with AMTB. As 
rodent bladder physiology differs from that of humans, it is difficult to directly 
extrapolate our findings to human patients. 
Conclusions:  
Our findings indicate that ACIU is an evolutionary conserved reflex rather than 
subconscious conditioning, and provide a useful in vivo model for further investigation of 
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the underlying mechanisms. Pharmacological inhibition of TRPM8 may be useful for 
treating ACIU symptoms in patients. 
Patient summary:  
Brief cold stimuli applied to the skin can evoke a sudden desire to urinate, which can be 
highly bothersome in patients with overactive bladder. We developed an animal model to 
study this phenomenon, and found that it depends on a specific molecular cold sensor, 
TRPM8. Pharmacological inhibition of TRPM8 may alleviate acute cold-induced 
urgency in humans. 
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INTRODUCTION 
It is generally recognized that cold temperatures can influence bladder function in healthy 
individuals, but particularly in patients with lower urinary tract disorders (LUTd) [1, 2]. 
One classical example is the ice water test, a urodynamic test in which ice-cold water is 
instilled into the bladder to unmask neurological pathology in LUTd patients [3]. This 
procedure evokes a strong detrusor contraction (the bladder cooling reflex) in children 
younger than 4 years and in patients with neurogenic detrusor overactivity due to upper 
motor neuron lesions, but is mostly without effect in healthy adults or patients with non-
neurogenic LUTd [3]. Although the exact neuronal mechanisms underlying this 
phenomenon are not yet fully elucidated, there is considerable evidence that the bladder 
cooling reflex is initiated by activation of cold-sensitive C-fibers that innervate the 
bladder wall [3].  
Under normal environmental conditions, it is highly unlikely that the temperature inside 
the bladder wall drops sufficiently to activate such cold-sensitive fibers. Nevertheless, 
low environmental temperature is known to elicit more frequent urination in healthy 
individuals. Importantly, 46% of patients with overactive bladder (OAB) report that cold 
weather aggravates urgency symptoms [1]. Effects of whole-body cooling on lower 
urinary tract symptoms may partly be explained by the changes of renal function in 
response to moderate hypothermia. Indeed, animal and human experiments have shown 
that hypothermia decreases antidiuretic hormone release and increases diuresis [4-7], 
which leads to an increased voiding frequency and potentially to urgency. In addition, 
urgency symptoms can also be evoked by cold stimuli that do not evoke significant 
central hypothermia or increased diuresis, suggesting that activation of peripheral cold 
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sensors can directly influence bladder function. For instance, it has been shown that 
transfer of awake rats from room temperature to a low temperature environment (4 C) 
leads to a transient reduction of the bladder capacity and increased micturition frequency 
[8], which correlates in time with decreasing in skin temperature and increasing blood 
pressure [2].  
Another widely acknowledged but poorly understood effect of external temperature on 
bladder function is the phenomenon that brief exposure of restricted parts of the body to a 
mildly cold stimulus can evoke urgency, with or without urgency incontinence. We will 
term this phenomenon acute cold-induced urgency (ACIU), to distinguish it from effects 
of more global and prolonged exposure to cold temperatures (e.g. cold weather urgency 
or cold stress-induced detrusor overactivity). ACIU evoked by everyday cold stimuli (e.g. 
washing hands, entering a swimming pool, stepping on a cold floor, or experiencing a 
cold breeze) [9] is a frequent complaint of patients with OAB, wet or dry, but is also 
common in healthy persons, especially in children and the elderly [10]. Overall, little is 
known about the mechanisms underlying ACIU, particularly due to the absence of good 
experimental models to study the phenomenon, and specific treatments are consequently 
lacking. ACIU has been suggested to represent a form of Pavlovian conditioning [11-13], 
but direct evidence supporting this view is lacking. 
Environmental thermal cues are conveyed to the central nervous system by sensory 
neurons that contain sensory endings in the skin [14]. In these endings, temperature-
sensitive ion channels of the transient receptor potential (TRP) superfamily act as the 
main molecular thermosensors, translating environmental temperature into neuronal 
activity [14]. Earlier work has established that two specific TRP channels, TRPM8 and 
TRPA1, can act as cold-activated ion channels in sensory neurons [15, 16]. In particular, 
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Trpm8-/- and Trpa1-/- mice both exhibit specific deficits in sensing cold temperatures [17-
20]. TRPM8 and TRPA1 have also been implicated in sensory signaling of the lower 
urinary tract [21-24], but their exact involvement in cold-related bladder responses 
remains unclear [25]. For instance, TRPM8 activity has been associated with detrusor 
overactivity in rats exposed to severe and prolonged cold stress [2, 26, 27], but this 
conclusion was based on the use of a relatively non-specific antagonist (BCTC; also 
known to inhibit other TRP channels, including TRPV1 [28]) and ditto agonist (menthol; 
also known to modulate various cation channels, including TRPA1 [29, 30]).  
Here, we demonstrate that bladder contraction and bladder voiding can be reproducibly 
evoked by brief and localized cold stimuli in anesthetized mice and rats, thus providing 
an animal model that mimics the hallmarks of ACIU in humans. Moreover, using this 
model, we demonstrate that cold-induced bladder responses are greatly diminished by 
genetic ablation or pharmacological inhibition of TRPM8, a cold-sensitive cation channel 
within the transient receptor potential (TRP) superfamily [14]. Our results provide a basis 
for further research into the etiology of ACIU, and more importantly, suggest that 
TRPM8 antagonists may be used to alleviate ACIU symptoms. 
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MATERIALS AND METHODS 
Animals  
Experiments were conducted on 10–12 weeks old female mice and on 11–13 weeks old 
female Sprague Dawley rats. The mice strains that were used included C57Bl/6J wild 
type mice, Trpa1-/- mice that were backcrossed in the C57Bl/6J background for 10 
generations [20], and Trpm8-/- and Trpm8+/+ littermates from crosses of Trpm8+/- 
breeding pairs [19]. Age-matched C57Bl/6J wild type mice were used as controls when 
assessing the bladder phenotype of Trpa1-/- mice [20]. Animals were housed in a 
conventional facility at 21 C on a 12-hour light-dark cycle with chow diet and water 
available ad libitum. All experiments were approved by the KU Leuven Ethical 
Committee Laboratory Animals under project numbers P089 and P 053/2011. 
Solutions, drugs and anesthetics: 
The perfusion solution for cystometry was a 0.9 % NaCl solution (Baxter). 
The TRPM8 inhibitor AMTB (N-(3-aminopropyl)-2-{[(3-methylphenyl) methyl]oxy}-N-
(2-thienylmethyl)benzamide hydrochloride salt (Tocris) was tested at a dose of 3 mg/kg. 
Rats were randomly divided in two groups. The first group received an IP injection of 
AMTB from a 100-mM solution in 0.5% methylcellulose; the second group served as 
controls, receiving only the vehicle. 
Rats and mice were anesthetized with isoflurane (Piramal Healthcare; 5% for induction, 
2% for maintenance) during surgery. Rats were injected with buprenorphine (Reckitt 
Benckiser; 0.03 mg/kg, SC) every 12 hours until cystometry. During cystometry, rats and 
mice were anesthetized with urethane (Sigma), injected SC at a dose of 1.3g/kg.  
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Cystometry and sensory stimuli 
Implantation of a bladder catheter for cystometry experiments was performed as 
described earlier [31]. The lower back of the animals was shaved. Anesthetized animals 
were placed in supine position under a heating lamp to maintain normal body 
temperature, before start of the experimental protocol.  
During the cystometry protocol, which is outlined in detail in the result section, perfusion 
was stopped and specific sensory stimuli were applied, consisting of either (1) blowing 
air on the paw or ears during 20 s, by applying a stream of carbogen (95% O2 and 5% 
CO2) via a 1-meter long polyethylene tubing with inner diameter of 1 mm, connected to a 
gas container at 21 C with exit pressure of ~0.2 bar, of which the outflow was held at a 
distance of 5cm from the animal; (2) the application of 500 µl (mice) or 3 ml (rats) of 
acetone on the lower back using a syringe, (3) similar application of the same volume of 
37-C tap water; (4) pinching a hind paw with a broad-tipped forceps; or (5) rubbing the 
hind paw with a cotton swab. After either full termination of the cold-induced contraction 
or after a waiting period of 60 s following the cold stimulus, the infusion was restarted. 
Statistics 
Data were analyzed using Origin (OriginLab, Northampton, MA). Group data are 
expressed as mean  s.e.m. from N animals. The Shapiro-Wilk test was used to test 
normality of the data. When normality was not rejected, group comparisons were made 
using 1-Way ANOVA with Tukey’s post-hoc test. Non-parametric data were compared 
using the Mann-Whitney test (comparison of two groups) or Kruskal-Wallis test with 
Dunn’s post-hoc test (comparison of multiple groups).  
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RESULTS  
To test whether ACIU can be objectively mimicked in a small animal model, we 
developed a standardized assay in which cool stimuli were applied to the skin of 
anesthetized mice during cystometry (Figure 1A). First, normal cystometry was 
performed during 30 min, which involves measurement of the intravesical pressure and 
visual monitoring of voids during continuous infusion of saline at a rate of 20 µl/min 
[31]. This period allowed the establishment of a stable pattern of bladder filling, 
contraction and voiding, from which the mean intercontractile interval (ICI) was 
determined [31]. Then, after a normal void, infusion was stopped at 60 % of the mean 
ICI, thus resulting in a bladder that was filled to an estimated 60 % of its functional 
capacity. Next, after an interval equivalent of 2 times the mean ICI, a brief stimulus was 
applied to the skin of the animal. As illustrated in Figure 1A, blowing of a stream of air 
over the hind paw of a wild type (WT) animal during 20 s consistently evoked a bladder 
contraction in 80 % of the cases, which was associated with a void in approximately 50 
% of the cases (Figure 1A,D). Similar response frequencies were obtained when acetone 
(500 µl) was applied to the back skin, resulting in local evaporative cooling (Figure 
1B,D). The delay between onset of the cold stimulus and onset of bladder contraction was 
short (4.8 ± 0.9 s), and responses that occurred >20 s after onset of the cold stimulus were 
discarded as being non-specific. In contrast to cold stimuli, vigorous pinching of a hind 
paw with a forceps was mostly ineffective in evoking bladder contraction or voiding 
(Figure 1C,D). Similarly, two other non-noxious control stimuli (gentle rubbing of the 
hindpaw with a cotton swab; and application of 500 µl of 37-degree water to the back) 
were much less effective in evoking a bladder response (Figure 1D). Taken together, 
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these results show that localized, mildly cold stimuli can evoke bladder contraction and 
voiding in anesthetized mice, thus mimicking the hallmarks of ACIU in humans. 
To investigate whether the cold-activated ion channels TRPM8 or TRPA1 are involved in 
the cold-induced bladder responses, we applied the standardized cystometry assay to 
Trpm8-/- and Trpa1-/- mice. During the 30-min habituation period we did not detect 
obvious differences in the cystometric pattern between C57BL/6J wild type mice, 
Trpm8+/+, Trpm8-/- and Trpa1-/- mice (Figure 2A,B), and there were no statistically 
significant differences in basal pressure, amplitude of the voiding contraction or ICI 
(Figure 2C-E). These results indicate that TRPM8 or TRPA1 are not essential for the 
normal voiding cycle or contractility of the mouse bladder. Importantly, we found that 
the occurrence of bladder responses to cold stimuli was strongly reduced in Trpm8-/- mice 
compared to Trpm8+/+ littermates (Figure 2A,F,G). In contrast, there was no significant 
difference in response frequency to cold stimuli between Trpa1-/- mice and matched 
C57BL/6J wild type mice (Figure 2B,F,G). These results demonstrate that acute cold-
induced bladder contraction and voiding in mice depend on the cold sensor TRPM8 but 
not on TRPA1. 
As illustrated in Figure 3A, acute cold-induced bladder responses could also be 
reproduced in rats. Notably, using a similar stimulation scheme as in mice, response 
fidelity in rats was higher than in mice, with 100% voiding (9 animals; four applications 
per animal) in response to acetone application to the back (Figure 3A,C,E). Earlier work 
has provided evidence for dichotomizing axons of lumbosacral dorsal root ganglia, 
innervating both the skin and the bladder, and it was suggested that such dichotomizing 
neurons may be responsible for bladder responses to cold environmental stimuli [32]. 
However, we found that bladder contractions and voids could also be evoked by brief 
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pulses of cold air applied to the rat ears (Figure 3B; void frequency: 83 ± 17 %; N=5). 
This suggests that cold-induced bladder responses are not limited to stimulation of 
dermatomes innervated by neurons from the dorsal root ganglia that also project to the 
bladder (mainly L6-S1) [33].  
To examine whether the cold-induced bladder responses in rats also depend on TRPM8, 
we applied the most reproducible cold stimulus, namely acetone application to the back, 
in animals that were pretreated with vehicle or with the TRPM8-antagonist AMTB 
(3mg/kg; IP) [34]. During the first 90 min following injection of AMTB or vehicle, four 
separate acetone applications were applied per animal, interspaced by a normal voiding 
cycle (Figure 3C,D). In vehicle treated animals, response rate was 100 % (N = 6 animals; 
4 voiding responses per animal; Figure 3C,E). In contrast, within the first hour after 
injection, two third of the AMTB-treated animals failed to respond to the acetone 
stimulus (P < 0.01; Figure 3D,E). Bladder responses to acetone application gradually 
recovered after one hour (Figure3E), in line with the rapid clearance of AMTB (mean 
residence time = 45 minu) known from pharmacokinetic studies [34]. Taken together, 
these results indicate that acute cold-induced bladder responses in rats are also dependent 
on TRPM8. 
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DISCUSSION 
Common daily life events, such as entering home (“latchkey incontinence”), the sound or 
feel of running water, stepping on a cold floor or exposure to cold wind can evoke 
urinary urgency, which can be particularly bothersome in patients with OAB [10, 11, 35, 
36]. In general, it has been assumed that Pavlovian conditioning and/or subconscious 
automatic behavior underlie urgency symptoms elicited by such external stimuli [11-13]. 
In contrast to this view, we here demonstrated that brief and moderately cold stimuli, 
resulting in only modest cooling of a restricted part of the skin, can consistently evoke 
acute bladder contractions in anesthetized mice and rats. This implies that bladder 
responses to acute environmental cold stimuli represent an evolutionary conserved reflex, 
that can be objectively measured and studied in the apparent absence of (sub)conscious 
processes.  
The key manifestation of ACIU in humans is an acute desire to urinate, with or without 
actual voiding, in response to a brief, localized and mildly cold stimulus. As such, ACIU 
can be clearly distinguished from other, better-studied effects of cold stimuli on bladder 
functioning, such as the bladder cooling reflex and cold stress-induced detrusor 
overactivity [2, 26, 27]. While measuring urinary urgency in animals remains elusive 
[37], we believe that our assay is the closest approximation to ACIU in humans available 
today, and will be useful to elucidate the underlying pathways and to develop potential 
treatments for ACIU. Intriguingly, although not scientifically documented to our 
knowledge, there is extensive anecdotal evidence that immersion of the hand of a 
sleeping person in tepid water can evoke bedwetting in at least a subset of victims 
(“hand-in-water prank”), and our present work indicates that this trick can be quite 
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accurately played on mice and rats. Based on our findings, we believe that testing the 
bladder response of sleeping individuals to localized cold stimuli in a scientifically 
controlled setting will be of interest, and may provide important insight into mechanisms 
of nocturnal enuresis. 
The acute cold stimuli used in this study inevitably had a non-noxious mechanical 
component, namely wetting of skin in case of acetone application, and air movement in 
case of cold air. At present, we cannot fully exclude that mechanical stimulation of the 
skin is involved in the bladder response to these cold stimuli. We indeed found that both 
non-noxious stimuli (gentle rubbing of the paw, wetting of the skin with 37-degree 
water), as well as noxious pinching of the paw evoked a bladder response in a small 
percentage of the animals. Similarly, a small percentage of Trpm8-/- mice exhibited an 
acute bladder contraction upon acetone application. These data suggest that, although 
various sensory stimuli can evoke an acute bladder, cold stimuli acting via TRPM8 are by 
far the most provocative.   
Our results also demonstrate that the acute bladder responses to cold stimuli can be 
strongly attenuated by pharmacological inhibition of the TRPM8. Recently, the first 
results of oral administration of a TRPM8 antagonist (PF-05105679) in humans have 
been reported, showing that the drug was well tolerated at doses that were effective in the 
cold pressor test [38]. Therefore, there is prospect that TRPM8 antagonists can be 
developed for specific therapies to alleviate ACIU symptoms in LUTd patients. 
CONCLUSIONS 
Taken together, our findings indicate that ACIU is an evolutionary conserved reflex 
rather than subconscious conditioning. Moreover, we present an in vivo model that can be 
used to objectively measure ACIU in rodents, which can form the basis for further 
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investigation of the mechanisms underlying ACIU. Finally, our results indicate that the 
cold sensor channel TRPM8 is critically involved in ACIU, which suggests that 
pharmacological inhibition of this druggable target may be useful for treating ACIU 
symptoms in patients. 
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Figures and legends 
 
Figure 1: Acute cold-induced bladder responses in a mouse model of ACIU. (A) 
Cystometric trace illustrating the assay to detect acute cold-induced bladder responses in 
mice. After a habituation period of 30 min (not shown), perfusion was stopped at a time 
point corresponding to 60 % of the mean ICI since the last normal voiding contraction. 
Then, after a waiting interval equivalent to twice the mean ICI, a thin stream of air was 
applied to one of the hind paws of the animal for 20 s. This resulted in a robust bladder 
contraction and a void. After termination of the contraction, perfusion was restarted and a 
normal cystometric pattern was restored. In this and all subsequent cystometric traces, red 
and green vertical lines indicate the time points where perfusion was halted and restarted, 
respectively, and asterisks below the pressure trace indicate visually confirmed voids. (B 
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and C) Same protocol as in (A), showing the effect of topical application of acetone on 
the back (B) or pinching the paw with a forceps (C). (D) Response frequencies 
(expressed as mean  s.e.m.) to the stimuli “air on paw” (N = 13), “paw pinching” (N=6), 
“paw rubbing” (N=6), “acetone on back” (N = 14) and “warm water on back” (N = 6). 
For each animal, the response frequency was determined based on four identical stimuli. 
*, P<0.05; **, P<0.01 vs. both cold stimuli (Kruskal-Wallis with Dunn’s post-test). 
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Figure 2: Role of TRPM8 and TRPA1 in the acute cold-induced bladder response in 
mice. (A and B) Cystometric traces (same protocol as in Figure 1A) showing the effect of 
acute cold stimuli (acetone on back) in a Trpm8-/- (A) and a Trpa1-/- (B) mouse. (C-E) 
Comparison of the mean basal pressure (C), amplitude of a voiding contraction (D) and 
ICI (E) in control C57Bl/6J (N = 6), Trpa1-/- (N = 6), Trpm8+/+ (N = 15) and Trpm8-/- (N 
= 16) mice. There were no significant differences in these three parameters between the 
four groups (1-Way ANOVA; P > 0.5). (F and G) Frequency of the occurrence of 
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bladder contraction (F) and bladder voiding upon stimulation (G) in the four genotypes. 
Group data are presented as mean  s.e.m. *, P<0.05; **, P<0.01; ***, P<0.001 vs. 
Trpm8+/+ littermates (Mann-Whitney test).  
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Figure 3: The TRPM8 antagonist AMTB inhibits cold-induced bladder responses in 
rat. (A,B) Acute cold-induced bladder responses in rats in response to application of 
acetone (3 ml) on the back (A) or blowing of cold air on the ear (B). (C,D) Bladder 
responses to four applications of acetone to the back of rats (arrows) that were injected 
with vehicle (C) or AMTB (D). Injections were performed 900 s before time 0. Perfusion 
was restarted between two subsequent acetone applications, resulting in one full voiding 
cycle. (E) Frequency (mean  s.e.m.) of occurrence of a voiding contraction at the 
indicated time points after injection with either vehicle (N = 6) or AMTB (N = 6). **, 
P<0.01 vs. vehicle (Mann-Whitney test). 
 
